The aim of the present study was to investigate the clinical application and utility of CdSe/ZnS quantum dots (QDs) in tracing RAW 264.7 macrophages. RAW 264.7 cells and QDs at various concentrations were co-cultured for 24 h, and the fluorescence intensity of the macrophages was determined at various time points. The mRNA expression levels of genes encoding inflammatory cytokines [tumor necrosis factor (TNF)-α and interleukin (IL)-1β] were determined, and cellular assays were performed to investigate the activation, proliferation and apoptosis of RAW 264.7 cells. The QDs were engulfed by the macrophages, and the fluorescence intensity of RAW 264.7 cells increased with increasing concentration and time. The IL-1β mRNA level increased significantly at 50 µg/ml QDs, and that of TNF-α increased significantly at 100 µg/ml QDs. Accelerated proliferation of RAW 264.7 cells was observed at 50 and 100 µg/ml QDs; however, no increase in apoptosis of RAW 264.7 cells was observed in co-culture. CdSe/ZnS QDs may be used as tracers due to the fluorescence intensity of RAW 264.7 cells increasing with increasing QD concentration and time, resulting in the activation of macrophages and significant increases in proliferation at 50 and 100 µg/ml QDs compared with in the absence of QDs. The change in QD concentration was not significantly associated with the proliferation and apoptosis of RAW 264.7 macrophages.
Introduction
Semiconductor nanocrystals, also known as quantum dots (QDs), which contain elements in groups III-V, II-VI or IV (1), have become an important tool in biomedical research. These nanometer-sized inorganic nanomaterials, with notable optical and electronic properties, exhibit distinct advantages over traditional fluorescent organic dyes, including improved signal brightness, high quantum yield, increased photostability, tunable broad excitation and narrow emission spectra (2) , particularly for quantitative and long-term fluorescence imaging and detection (3) . QDs of various sizes emit light of various wavelengths following excitation by the same light source (4); therefore, compared with conventional organic fluorescent dyes, QDs may be used effectively as biomarkers, as well as unique optical properties, particularly in cell labeling and clinical targeting bio-imaging (5) . Upon entry into cells, QDs can be localized in various subcellular compartments, such as the cytoplasm and lysosomes, depending on their surface charge (6) . Fluorescent QDs can be conjugated with bioactive moieties, including antibodies, peptides, aptamers or small-molecule ligands, to target specific biological events and cellular structures, including labeling neoplastic cells, cell membrane receptors, DNA or peroxisomes (7) . QDs have exhibited notable promise in various biomedical applications, including labeling of cellular proteins, sensitive cellular imaging, real-time tracking, fluorescence resonance energy transfer sensors, visible drug carriers, in vivo animal imaging and cancer theranostics (8) .
It is necessary to label the adoptive cells, targeting agents or drugs that are injected in vivo in biomedical research and clinical targeting therapies, to trace their biological behavior or in vivo kinetics (9) . Additionally, the in vivo applications vary from in vitro studies, and rely markedly on biocompatibility with monocytes and macrophages when used for tracing in vivo (10) . Macrophages serve important roles in particle clearance and inflammatory reactions (11) , are crucial effectors of innate immunity in the primary responses to pathogens (12) and participate in homeostasis and tissue regeneration (13) . Upon activation, macrophages induce a variety of biological effects, such as mediating in vivo inflammatory responses and specific immune responses, thus they are involved in the occurrence and development of a number of diseases (14) .
A previous study demonstrated that charged QDs may enter macrophages more efficiently than neutral QDs, and negative QDs are internalized more efficiently than positive QDs; however, positive QDs exhibit severe cytotoxicity, compared with negative QDs (15) . Therefore, the aim of the present study was to determine the biocompatibility of CdSe/ZnS QDs with monocytes and macrophages to provide a theoretical and experimental basis for future applications of in vivo QD labeling.
Macrophage clonal stimulating factor induces osteoclast differentiation factor, which in turn induces osteoclast formation. The activity of a macrophage determines the destruction of giant cell tumor of bone (16) . Giant cell tumor of bone can be surgically removed; however, other treatments, including biological therapy and clinical targeted therapy, remain in the initial stages of development. In the present study, the intake of QDs by RAW 264.7 macrophages was investigated in order to determine the role of macrophages as markers of giant cell tumors of bone in vivo.
Materials and methods
Co-culture of QDs with RAW 264.7 cells. RAW 264.7 macrophages [Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China)] were cultured and passaged in 10% fetal bovine serum-containing high-glucose Dulbecco's modified Eagle's medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). When the cells reached 80% confluence, they were digested using trypsin, sampled and counted using an inverted microscope (x400 magnification; Ti-S; Nikon, Tokyo, Japan) followed by seeding into 96-well plates at a density of 2x10 4 cells/well. Subsequently, the cells were cultured in 10% fetal bovine serum-containing high-glucose Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 4 h at room temperature and following adherence to the wall of the plate, various concentrations (0, 10, 50 and 100 µg/ml) of QDs (water-soluble CdSe/ZnS QDs; Q2565; emission wavelength, 565 nm; Wuhan Jiayuan Quantum Dot Technological Development Co., Ltd., Wuhan, China) were added for co-culture at room temperature. The diameter of the CdSe/ZnS core/shell QDs was 9.79±2.185 nm, and the CdSe/ZnS QDs were carboxylate functionalized. Following different incubation periods (1 or 2 h), a fluorescence microscope (x400 magnification) was used to observe the cells, and images were captured. Alternatively, the cells in the wells were washed with PBS twice to remove the non-macrophage-ingested QDs and then harvested for subsequent analysis. In subsequent experiments, the duration of co-culture of QDs with macrophages was 18 h at room temperature unless stated otherwise.
Flow cytometry. Trypsin-digested RAW 264.7 macrophages were filtered to prepare a single cell suspension and the fluorescence signal intensity of the QDs in the cells was detected directly using a flow cytometer (FACSCalibur™; BD Biosciences, Franklin Lakes, NJ, USA). Alternatively, an annexin V-fluorescein isothiocyanate kit (eBioscience; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was added to the cell suspension for 30 min of labeling at 4˚C. Following washing with buffer (NaCl 137 mmol/l, KCl 2.7 mmol/l, Na 2 HPO 4 10 mmol/l, KH 2 PO 4 2 mmol/l, pH 7.2~7.4) twice, propidium iodide (eBioscience; Thermo Fisher Scientific, Inc.) was added, followed by the immediate detection of apoptosis of RAW 264.7 cells using a flow cytometer and analyzed by FlowJo (version 7.2; FlowJo LLC, Ashland, OR, USA)
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The cultured cells were centrifuged (6,000 x g, 10 min at 4˚C) to discard the medium, washed twice with PBS and then added to 1 ml RNAiso Plus reagent (Takara Biotechnology Co., Ltd., Dalian, China), followed by repetitive pipetting to ensure complete contact of the cells with the reagent for ~10 min. Following lysis using trypsin on ice for 5 min, the cell mixture was transferred into RNase-free Eppendorf tubes, gently agitated for 5 min with 200 µl pre-cooled chloroform (4˚C) and left to stand for 10 min at 4˚C. Following centrifugation at 6,500 x g for 10 min at 4˚C, the mixture was divided into three layers, among which the supernatant was carefully withdrawn and transferred into another clean Eppendorf tube. To this new Eppendorf tube, 500 µl isopropanol was added. The tube was shaken gently at 4˚C and left to stand for 10 min at 4˚C. The new Eppendorf tube was centrifuged at 6,500 x g for 10 min at 4˚C. The supernatant was discarded and 1 ml 75% ethanol solution [750 µl of ethanol and 250 µl of diethyl pyrocarbonate (DEPC)-treated water] was added to the precipitate, RNA was dissolved again for 2-3 min and centrifuged at 6,500 x g for 5 min at 4˚C and. The precipitate was then dried and the RNA pellet was dissolved in the appropriate amount of DEPC-treated water (5-20 µl) . The concentration of the total RNA was detected using a nucleic acid detector (CFX96, Bio-Rad Laboratories, Inc., Hercules, CA, USA), and the A 260 /A 280 ratio of between 1.8 and 2.0 was determined.
First-strand cDNA was produced using an Invitrogen SuperScript cDNA synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.). The reaction comprised 2 µg total RNA template, 1 µl oligo(dT) 18 primer, 1 µl 10 mM dNTP mixture and enzyme-free ultrapure water to a final volume of 12 µl. The reaction tube was incubated at 65˚C for 5 min and then immediately placed on ice for ~5 min. Following centrifugation (6,000 x g, 10 min at 4˚C), 4 µl 5X Reaction Buffer, 1 µl RiboLock™ nuclease inhibitor and 2 µl 0.1 M dithiothreitol were added, followed by mixing gently and incubating for 2 min at 37˚C. Moloney murine leukemia virus reverse transcriptase (1 µl) was then added and mixed gently for reverse transcription in a LightCycler 480 System RT-PCR instrument (Roche Diagnostics, Basel, Switzerland) with alternating cycles of 37˚C for 50 min and 70˚C for 15 min.
The reaction was then terminated, and the products were collected, and the qPCR mixture contained: 1 µl cDNA; 0.5 µl each of upstream and downstream primers; 5 µl SYBR ® Green (Takara Biotechnology Co., Ltd.); and 3 µl double-distilled water. The reaction conditions were: Pre-denaturation at 95˚C for 30 sec, followed by 40 cycles of denaturation at 95˚C for 5 sec, annealing for 20 sec (TNF-α: 58˚C, IL-1β: 59˚C, β-actin: 57˚C) and extension at 72˚C for 30 sec. The primer sequences were: Tumor necrosis factor (TNF)-α, sense 5'-GAA CTG GCA GAA GAG GCA CT-3', and antisense 5'-GGT CTG GGC CAT AGA ACT GA-3'; interleukin (IL)-1β, sense 5'-TGT GAA ATG CCA CCT TTT GA-3', and antisense 5'-TGA GTG ATA CTG CCT GCC TG-3'; and β-actin (internal reference), sense 5'-TGG AAT CCT GTG GCA TCC ATG AAA C-3', and antisense 5'-TAA AAC GCA GCT CAG TAA CAG TCC G-3'. For relative quantitative analysis, the 2 -ΔΔCq method was used (17) .
Detection of cell proliferation. RAW 264.7 cells in the exponential growth phase were sampled, a cell suspension was prepared once the DMEM was washed away using HBSS and digested by 0.25% pancreatin for 5-10 min and the cells were seeded into 96-well plates at a volume as ~100 µl/well for 4 h culture at 37˚C and an atmosphere containing 5% CO 2 . When the cells adhered to the wall, QDs were added and co-cultured at 37˚C for 18 h. At 4 h prior to the end of the incubation, 10 µl Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well and incubated at 37˚C for 18 h. The optical density of each well was determined at 450 nm using an ELISA subsequent to culture (BioTek Instruments, Inc., Winooski, VT, USA).
Statistical analysis. GraphPad Prism software (version 6.0; GraphPad Software, Inc., La Jolla, CA, USA) was used to analyze the experimental data. The data are presented as the mean ± the standard error of the mean. The multiple group comparison used a two-way analysis of variance with Fisher's least significant difference post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Macrophages engulf QDs. Fig. 1A demonstrates that the co-culture of RAW 264.7 cells with various concentrations of QDs enabled the macrophages to become labeled with fluorescent signals, which were detected using flow cytometry. The intensity of the fluorescence signal was notably associated with the concentration of the co-cultured QDs. At a QD concentration of 10 µg/ml, the fluorescence intensity was weak, whereas at 50 µg/ml, the fluorescence intensity inside the macrophages was notably increased. The results also indicated that the fluorescence intensity was stronger in the 1 h co-culture group, compared with the 2 h co-culture group. Microscopic observations (Fig. 1B) also demonstrated that the macrophages exhibited strong fluorescence signals following engulfment of QDs. The results indicated that macrophages are able to engulf a specific concentration of QDs, and are thus labeled with strong fluorescence signals.
Furthermore, the dynamic changes of fluorescence signal intensity, following QDs (50 µg/ml) being co-cultured with the macrophages, were observed. The results (Fig. 1C ) demonstrated that with extended co-incubation time, the fluorescence signals inside the macrophages increased, reaching a peak at 18 h. The results indicated that the QD labeling increased in a time-dependent manner.
QDs promote macrophages to secrete inf lammatory cytokines. Macrophages are important natural immune cells, which can be activated to secrete inflammatory cytokines (18) To observe whether QDs were able to activate the macrophages directly, the expression levels of the genes encoding the inflammatory cytokines TNF-α and IL-1β in QD-labeled RAW 264.7 cells were examined. The results (Fig. 2) indicated that QDs at 50 µg/ml significantly increased mRNA expression levels of TNF-α (4.2-fold change) and IL-1β (21.5-fold change) in the macrophages. When the QD concentration was 100 µg/ml, the expression of TNF-α mRNA was significantly increased, compared with the 0 (P=0.04328) and 50 µg/ml groups (P=0.00032); additionally, 100 µg/ml QDs increased IL-1β mRNA expression levels, compared with the 0 and 50 µg/ml groups, but this was only significantly increased compared with the 0 µg/ml group (P=0.00016). The results indicated that QDs have the ability to activate macrophages, thus promoting the secretion of certain inflammatory factors.
QDs promote the proliferation of macrophages. Cell proliferation is an important biological property of macrophages, which, to a certain extent, reflects the activation state of macrophages. The results of the CCK-8 assay demonstrated that co-culture with 50 µg/ml QDs significantly increased the proliferation of RAW 264.7 cells, compared with the 0 µg/ml group. However, at concentration of 100 µg/ml QDs, the proliferation was similar to that of the 50 µg/ml QDs and was only significantly different when compared with the 0 µg/ml group (100 µg/ml: P=0.04681; 50 µg/ml: P=0.04329; Fig. 3 ). The results indicated that QDs have the ability to increase the proliferation of macrophages.
Impact of QDs on the apoptosis of macrophages.
Apoptosis initiates cell death (19) , and is notably associated with cell biological functions including activation and proliferation (20) . The results of annexin V labeling (Fig. 4 ) demonstrated that QDs were not able to increase the apoptosis rate of RAW 264.7 cells. When the concentration of QDs was 100 µg/ml, the apoptosis rate of RAW 264.7 cells decreased from 1.43% (0 µg/ml group) to 1.14% (50 µg/ml group) and 0.94% (100 µg/ml group), indicating that QDs do not promote the apoptosis of macrophages.
Discussion
In the present study, it was determined that CdSe/ZnS QDs could be phagocytosed by macrophages. The co-culture of QDs and macrophages did not lead to an increase in the apoptosis of RAW 264.7 cells. This indicated that CdSe/ZnS QDs could be used as tracers.
As a novel type of nanoparticle material, QDs have notable prospects in biomedical fields for in vivo labeling and tracing, as well as for in vitro multi-fluorescence labeling; however, a number of previous studies have identified in vivo toxicity of QDs (21) (22) (23) . The cytotoxicity of CdSe and CdSe/ZnS nanoparticles has been investigated for different surface modifications, including coating with mercaptopropionic acid, silanization and polymer coating (24) , when targeting liver cells, red blood cells and other cell types (25, 26) . The cytotoxicity of Cd/Se QDs or Cd/Te QDs is mainly associated with the Cd 2+ ions carried in QDs that produce oxidative free radicals. Heavy metal Cd 2+ ions exhibit cell toxicity through a variety of mechanisms, such as interfering with cellular DNA repair and promoting oxidative stress. Furthermore, the cytotoxicity of QDs is notably associated with multiple parameters, including the particle size, the number of surface charges, the redox activity, the surface coating component, the mechanical stability of QDs and the external environmental conditions (27, 28) . It has been demonstrated that the toxicity and biological activities of QDs are associated mainly with their surface coating materials (29) . Primarily, when QDs are coated with cytotoxic reagents, significant toxicity is observed; however, when they are coated with bioactive materials, the QDs exhibited the biological characteristics of the conjugates, with decreased toxicity (30) . For example, β-cyclodextrin-modified Cd/Se QDs exhibited a broader light spectrum and lower cytotoxicity compared with Cd/Se QDs alone (31) .
The results of the present in vitro study indicated that QDs could be engulfed effectively by macrophages, thus marking them with fluorescence signals. This labeling process is notably associated with the concentration and incubation time of the QDs; however, the increase in mRNA expression levels of TNF-α and IL-1β indicated that the intake of QDs was also able to promote macrophages to secrete inflammatory cytokines, which could promote cell proliferation, while having no significant effect on apoptosis. When QDs are coated with bioactive molecules, their activation of macrophages may be decreased; therefore, when QDs are used for in vivo labeling and tracing, their macrophage-activating effect would be decreased with less macrophages activated to prolong their in vivo labeling duration (10) . The results of that study are agreement with the present results.
The biocompatibilities of QDs with macrophages are also beneficial for the treatment of macrophage-associated diseases and to regulate the immune system. CdSe/CdS/ZnS QDs cross-linked to Adriamycin can be engulfed by alveolar macrophages in the lungs, the accumulation of Adriamycin by alveolar macrophages would thus induce apoptosis (32) . In this process, the phagocytosis of QDs by macrophages is exploited to form effective carriers for in vivo macrophage-targeted therapies (33) . A variety of pattern-recognition receptors are expressed on the surface of macrophage. When these receptors bind with their corresponding ligands, such as Toll-like receptors, macrophages can be effectively activated, thus causing immunomodulatory effects (33) . Lipopolysaccharide (LPS)-QDs, prepared by cross-linking the pattern-recognition molecule Kdo2-Lipid A, an LPS from Escherichia coli, with QDs, were engulfed by macrophages, resulting in their in vitro activation, which may have immunomodulatory effects in vivo (34) . In addition, when the novel anti-tuberculosis drug Zn-RIF, a complex of zinc with rifampicin, was combined with transferrin protein-coupled silver QDs, Zn-RIF-Tf-QD, targeting was towards the inner macrophages improved, and the anti-tuberculosis activity was increased >10-fold (35) . The results of these studies are consistent with the theory that the biocompatibility of QDs and macrophages, and the phagocytosis of QDs, does not result in apoptosis, and that different modifications may promote cell proliferation.
In conclusion, the results of the present study supported the hypothesis that macrophages engulf QDs effectively in vitro. The surface of QDs can be modified with different molecules according to the application purposes, such as to prolong the in vivo duration of QDs or to use QDs as carriers to cause the targeted activation of macrophages.
The limitations of the present study included: Using a single monocyte/macrophage cell line, which limited its value for extrapolation into potential clinical applications of QDs; and that the protein levels of TNF-α and IL-1β were measured in the cells, but not in culture supernatants. Since it is possible that inflammatory factors may be released into the culture supernatant, a measure including secreted factors may be more accurate.
